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ADHESIVE BONDING WITH LOW TEMPERATURE GROWN 
AMORPHOUS OR POLYCRYSTALLINE COMPOUND SEMICONDUCTORS 

FEDERALLY SPONSORED RESEARCH OR DEVELOPMENT 
[0001] This invention was made with Government support under Contract 
DAAG55-98-1-0303 and Contract MDA972-00- 1-0020 awarded by the United 
States Air Force Office of Scientific Research (AFOSR). The Government has 
certain rights in the invention. 

BACKGROUND 

[0002] 1. Technical Field 

[0003] This invention relates to a method of bonding layers together and in 
particular relates to a method of bonding semiconductor substrates and device 
layers together as well as the adhesive bonding layer itself. 

[0004] 2. Background Information 

[0005] The ability to bond semiconductor materials together has become 
increasingly important for improving device applications, such as those of high- 
brightness light emitting diodes (LEDs). Until recently, non- semiconductor 
materials such as polymer, ceramics and metals have been used as bonding agent 
(also referred to as a bonding layer) between the two structures to be bonded. 
Similarly, semiconductor materials provided through epitaxial growth have been 
used in the bonding process. Each of these materials has disadvantages, however. 
[0006] Use of epitaxial growth for bonding is especially problematic in certain 
respects. For example, if single crystal grown material is used and this material 
has a different lattice constant from the single crystal substrate on which it is 
grown, strain builds up in the grown material. If this strain is high and the 
thickness of the grown material exceeds a critical thickness, misfit and threading 
dislocations that relieve the strain will form in the material. Such defects damage 
the electrical and optical properties of the material and impede the performance of 
devices formed with the structure. Selection and growth of particular material that 
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is lattice matched to substrates thus presents one challenge in using epitaxially 
grown material. 

[0007] Conventional bonding processes using semiconductor materials have 
basically consisted of putting two semiconductor wafers together and applying 
force at certain temperatures to the wafers to make them fuse together. The most 
extensively used wafer bonding approach used currently is direct wafer bonding. 
In this technique, the bonding is achieved without any bonding agent between the 
two semiconductors. 

[0008] Direct bonding processes employ two different techniques. The first 
approach consists of contacting one wafer, such as GaAs, and another wafer (for 
example Si or GaAs) in solution. The two wafers are bonded by natural 
intermolecular surface forces (Van der Waals bonding). Unfortunately, this type 
of bonding usually results in very poor current conduction through the bonding 
interface, thereby limiting the usefulness of the technique. In addition, the bonds 
formed using this technique are generally very weak unless they are subjected to a 
high temperature heat treatment (anneal) to convert the Van der Waals bonding 
into chemical bonding, that is, temperatures well in excess of about 600°C. 
Unfortunately, large thermal stresses produced during such high temperature 
annealing can cause problems, in part at least due to differences in the thermal 
expansion coefficients between the different materials. Such a problem is also 
present when bonding agents are present between the wafers. 
[0009] In another approach, two single crystal surfaces of different materials 
are brought together in contact in an N 2 or H 2 environment with applied pressure 
and heat treatment at a temperature higher than that of the above technique. Given 
a sufficient amount of annealing, these two wafers fuse together. This bonding 
process involves surface-energy-induced migration and growth, in which 
interdiffusion of the constituent molecules or atoms of the two materials occurs at 
the surface. Examples of structures using direct wafer bonding include InP-based 
semiconductor laser diodes on Si or GaAs substrate which show a uniform 
bonding interface. 
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[0010] In this approach, although the temperature that must be used varies with 
the materials used, high temperatures in excess of 600 °C for GaAs and InP, 
800°C for GaP, and 1000°C for GaN-based materials are used during the heat 
treatment to ensure that the bonding is strong enough to withstand the further 
processing. Besides the thermal stresses generated, in many situations involving 
compound semiconductors, such high temperatures cause the semiconductor 
materials to structurally break down due to the migration of atoms between layers. 
This consequently lowers the electrical performance of devices which rely on 
relatively sharply defined interfaces of the crystalline structure and dopants in the 
structure. 

[0011] In addition, as mentioned above, conventional wafer fusion requires 
strict physical alignment between the structures prior to bonding so that bonding 
interface can be freely conducting, as shown in the examples of Figs, la and lb. 
As illustrated in the graphs of Figs, la and lb, even a slight misalignment of 6° or 
less between n-GaP and n-InGaP layers causes a relatively large amount of 
deviation from pure ohmic characteristics. Thus, alignment is crucial to direct 
wafer bonding technology since misalignment affects the amount of current 
flowing through the device. If enough misalignment exists, the number of die that 
may be used to form the final device decreases, the yield decreases, and the cost 
consequently increases. Also, extremely flat surfaces are required for the bond to 
be electrically conductive. 

[0012] An alternative method to direct wafer bonding, as previously noted, is 
using a foreign material as a bonding agent, such as Au-Ge metal, spin-on-glass 
(SOG) or some organic adhesion layer such as an epoxy, photoresist or polyimide. 
In general, this bonding technique is performed by first depositing the bonding 
agent on both wafers to be bonded. The bonding agent can be in liquid form and 
solidified while bonding or be deposited in a solid form. The surfaces are brought 
in contact and pressed together under a particular pressure at a set temperature. 
The bonding agents fuse together and hold wafers to achieve heterogeneous 
integration. 



4 



[0013] A bonding process that uses such a bonding agent can be performed at 
lower temperatures than direct wafer bonding. In addition, the bonding is 
generally chemically and thermally stable at the lower temperatures used. 
Unfortunately, the use of foreign bonding materials has a number of detrimental 
consequences in many device applications. Most notably, this technique is not 
amenable to the subsequent chemical and thermal processes that are employed in 
semiconductor device manufacturing, such as metal alloying or chemical vapor 
deposition (such as that used in post-bond growth). High temperatures or 
temperature cycling used in these later processes cause many of the materials used 
for bonding to break down, or at least weaken substantially. If an organic 
adhesion layer is used, additionally such a layer in general changes chemistry 
upon drying or heating. Furthermore, chemicals, such as acetone, commonly used 
in further processing dissolve many of such organic adhesive materials. Other 
materials and specific problems include SOG layers, which have reliability 
problems or metallic bonding layers, which block light from being transmitted 
through ihe bunding layer. The latter, of course, limits the use of the metallic 
bonding layer in optoelectronic integrated circuit applications. Metal bonds may 
also undergo extensive alloying in high temperature processing. In addition, most 
of the materials used in this bonding technique make the bonding electrically 
isolating; that is, electrical current cannot be conducted across the bond. 
[0014] Despite each of these techniques having its own problems, conventional 
direct wafer bonding or wafer bonding with a bonding agent are used in many 
applications. One of these applications includes LED production, as mentioned 
above. In LED production, using the direct wafer bonding process, the amount of 
light from the device may be increased by a factor of 2-3 by wafer bonding the 
LED to a substrate that is transparent to the wavelength of light emitted by the 
LED. In one example of this technique, an LED structure that includes an active 
region of AlGalnP on a GaAs substrate followed by a 50-um GaP layer is grown 
using vapor phase epitaxy (VPE). Next, the substrate is etched off, leaving just 
the active region and the GaP support layer. The GaP layer is used both for 
support after the GaAs substrate is removed as well as for current spreading. A 
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high density of dislocations form in the GaP current-spreading layer due to the 
lattice mismatch between GaP and the AlGalnP, but since it is not part of the light 
emitting region it does not affect the performance. Finally, a GaP substrate, which 
is transparent to the light emitted by the LED structure, is bonded to the active 
region at a temperature of at least 800°C. The GaP substrate is transparent as it is 
an indirect bandgap material whose bandgap is about 2.2 eV, which is larger than 
the energy of photons emitted by the active region. A similar process having 
similar results can be achieved in the formation of vertical cavity surface-emitting 
lasers (VCSELs) used for long-range fiber optic communications. 
[0015] While the results obtained are desirable, the amount of time spent 
processing the device, and thus the overall cost of the device, increases 
dramatically as a result of the exactitude necessary during processing. The 
growth, wafer alignment, and structural thinning as well as handling of the thinned 
structure all require a large amount of time and care to maintain a suitable device 
yield. 

[0016] It would thus be advantageous to pro vide a bonding arrangement and 
method that is relatively simple to grow, in which the bonding layer can be grown 
on any surface, the various substructures within the overall bonded structure are 
independent of orientation relative to each other, and in which sensitive 
preparations are not necessary. Further, it would be advantageous to provide an 
arrangement and method that is optically transparent for a large range of useful 
wavelengths, electrically conductive, as well as being performed at a relatively 
low temperature compared with conventional bonding processes. All of these lead 
to a product having decreased cost. 

BRIEF SUMMARY OF THE INVENTION 

[0017] In light of these advantages, a low temperature grown semiconductor 
layer which is either amorphous or polycrystalline (dependent on the material 
system used and growth conditions) is used to bond substrates together to form a 
bonded structure. By annealing low temperature grown semiconductor material at 
a relatively low temperature compared with the temperatures used in conventional 
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direct wafer bonding, a polycrystalline semiconductor material is produced. This 
polycrystalline semiconductor material provides a bonding layer that may be one 
or more of the following: relatively simple and cheap to grow and process, grown 
on any surface, independent of orientation, optically transparent, and electrically 
conductive. For example, the bond that forms between the substrates is ohmic 
over a wide range of substrate orientation, i.e. the bond is relatively independent of 
substrate orientation. Also, as the bonding is performed at a relatively low 
temperature, atomic rearrangement in the active region of the device is unlikely 
and the device characteristics remain unaffected by the bonding process. 
[0018] In one embodiment, the bonded structure comprises a first structure, a 
second structure, and a low temperature grown semiconductor bonding layer that 
bonds the first and second structures. 

[0019] The bonding layer may contain polycrystalline semiconductor material. 
The bonding layer may have substantially no preferred orientation with respect to 
either structure, is electrically conductive over a range of voltages used during 
operation of a device that contains the bonded structure, is substantially optically 
transparent to light emitted by the bonded structure, or is strong enough to be 
substantially unaffected by processing of the bonded structure (and may 
specifically be strong enough to be substantially unaffected by annealing 
temperatures coupled with annealing times used during regrowth of 
semiconductor). 

[0020] The first and second structures may have substantially no preferred 
orientation with respect to the other structure. At least one of the first and second 
structures may contain a semiconductor substrate or a substrate that is a non- 
semiconductor material. 

[0021] The bonding layer may be between about 3 nm and about 600 nm thick. 
The bonding layer may comprise low temperature grown semiconductors. More 
specifically, the bonding layer may comprise low temperature grown (Ga,As) or 
(Ga,P), (Ga,N)> (Ga,Sb), (In,As), ternary compounds such as (In,Ga,P) or 
(In,Ga,As), or quarternary compounds such as (In,Ga,As,P). 
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[0022] In another embodiment, a method of bonding two structures together 
comprises depositing a low temperature grown semiconductor bonding layer on 
first and second structures, placing the bonding layers in contact with each other, 
applying pressure to a combined structure containing the first and second 
structures, and annealing the combined structure under conditions sufficient for 
the bonding layers to bond the first and second structures together. 
[0023] The method may further comprise applying the pressure substantially 
uniformly to the combined structure. The annealing of the combined structure 
may occur under conditions sufficient for the bonding layers to form a 
polycrystalline material. 

[0024] The bonding layer may be deposited by molecular beam epitaxy (MBE) 
at a temperature of about 100°C. In this case, the bonding layer may comprise 
amorphous (Ga,As) and the annealing of the combined structure occur at a 
temperature of between about 300°C and 500°C and for a time sufficient for the 
bonding layers to form a polycrystalline (Ga,As) material. Alternatively, the 
bonding layer may comprise polycrystalline (Ga,P) and the annealing of the 
combined structure occur at a temperature of between about 500°C and 700°C and 
for a time sufficient for the bonding layers to recrystallize into a polycrystalline 
(Ga,P) material. The bonding layers may be placed in contact with each other 
substantially without regard of a relative angular orientation of the first and second 
structures. 

[0025] At least one of the first and second structures may comprise a non- 
semiconductor substrate. An electronic or optoelectronic device may be fabricated 
from the combined structure. 

[0026] The annealing of the combined structure may occur under conditions 
that are not damaging to the first and second structures but are sufficient to form 
bonds that are strong enough to survive subsequent processing at reasonably high 
temperatures. The bonding interface produced by the annealing may be 
electrically conductive over a range of voltages used during operation of a device 
that contains the combined structure, may be substantially optically transparent to 
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light emitted by the combined structure, or may be strong enough to be 
substantially unaffected by processing of the combined structure. 
[0027] The deposition may deposit less than about 100 nm or in particular 
about 6nm of material on each of the first and second structures. The deposition 
may deposit a low temperature grown semiconductor. More specifically, the 
deposition may deposit low temperature grown (Ga,As), (Ga,P), (Ga,N), (Ga,Sb), 
(In,As), ternary compounds such as (In,Ga,P) or (In,Ga,As), or quarternary 
compounds such as (In,Ga,As,P). 

[0028] The method may further comprise selecting a [III]/[V] ratio of the 
bonding layer such that an amorphous or polycrystalline semiconductor layer is 
deposited on at least one of the first and second structures. In this case, the 
annealing of the combined structure may occur under conditions sufficient for the 
bonding layers to recrystallize into a polycrystalline material, which may be at 
most about 400°C for As-based materials, 600°C for P-based materials and 800°C 
for N-based materials. 

[0029] The bonding layer may comprise amorphous/poly crystalline (Ga,As) or 
other As-based semiconductors and the annealing of the combined structure occur 
at a temperature of between about 300°C and 500°C and for a time sufficient for 
the bonding layers to form a polycrystalline (Ga,As) or other As-based 
semiconductors material. Alternatively, the bonding layer may comprise 
amorphous/polycrystalline (Ga,P) or other P-based semiconductors and the 
annealing of the combined structure occur at a temperature of between about 
500°C and 700°C and for a time sufficient for the bonding layers to recrystallize 
into a polycrystalline (Ga,P) or other P-based semiconductors material. The 
bonding layer may comprise amorphous/polycrystalline (Ga,N) or other N-based 
semiconductors and the annealing of the combined structure occur at a 
temperature of between about 700°C and 900°C and for a time sufficient for the 
bonding layers to recrystallize into a polycrystalline (Ga,N) or other N-based 
semiconductors material. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0030] Figures 1(a) and 1(b) are graphs illustrating the effects of substrate 
orientation direct bonded wafers. 

[0031] Figures 2(a) and 2(b) are graphs that illustrate the effect of the [V]/[III] 
ratio on the crystallinity. 

[0032] Figures 3(a) and 3(b) are TEM pictures of amorphous/polycrystalline 
alternating (Ga,As) and (Al,As) layers before and after annealing. 
[0033] Figure 4 is a schematic illustrating the bonding of two low temperature 
grown semiconductors. 

[0034] Figure 5 is a more in depth view of the process for the bonding of 

various substrates using low temperature grown semiconductors. 

[0035] Figure 6 shows the pressure jig with the structures before pressure is 

applied. 

[0036] Figure 7 is a TEM picture of GaAs substrates bonded with amorphous 
(Ga,As) at 400 °C for 60 minutes. 

rnnTTi T71 o/~\ J o/l_\ TH7 A K 1 — i" /"",-. Tl — .1 1~ ^^Ar^A n ri +1* 

[uuj/j riguica oya) anu o^uj aic itim unagw ui vjai suuauaivo uunu^u wmi 

either amorphous or polycrystalline (Ga,P) at 600°C for 9-10 hours. 

[0038] Figure 9 is a graph of annealing times and temperatures for bonding 

with low-temperature grown (Ga,P) materials. 

[0039] Figure 10 is a dark field TEM image showing two GaP substrates 
bonded with polycrystalline (Ga,As). 

[0040] Figure 1 1(a) and 1 1(b) are graphs of the I-V characteristics of GaP 
substrates bonded with a Ga-rich polycrystalline (Ga,P) and P-rich amorphous 
(Ga,P). 

[0041] Figure 12 is a bright field TEM image showing the bonding interface of 
polycrystalline (Ga,P) bonding GaP substrates. 

[0042] Figure 13 shows the I-V characteristics as a function of substrate 
misalignment when using a polycrystalline (Ga,As) as the bonding agent. 
[0043] Figure 14 shows the I-V characteristics of GaP substrates bonded at 400 
°C and 600 °C with 100 A polycrystalline (Ga,As) layer. 
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[0044] Figure 15 compares the optical transparency of amorphous (Ga,As) and 
polycrystalline (Ga,As) bonded interface layers. 

[0045] Figure 16 shows the light transmission as a function of thickness at 650 

nm of GaP substrates bonded with polycrystalline (Ga,As) layers. 

[0046] Figure 17 is a flow chart representing the transfer of the device layer on 

a GaP substrate while utilizing polycrystalline (Ga,As) material as the bonding 

medium. 

[0047] Figure 1 8 is a graph of the 77K photolumine scene e measurements on an 

as-grown (GaAs substrate) and bonded sample (GaP substrate). 

[0048] Figure 19 is a flow chart representing transfer of a thin AlGaAs layer on 

a GaP substrate with polycrystalline (Ga,As) bonding agent. 

[0049] Figure 20(a) and 20(b) show a superlattice structure before and after 

regrowth, respectively. 

[0050] Figure 2 1 shows photoluminescence measurements of the structure 
shown in Fig. 20(b). 

[0051] Figure 22 shows photoluminescence measurements of another 
superlattice structure. 

[0052] Figure 23 shows J-V conduction measurements for several different 
sizes of bonded samples. 

DETAILED DESCRIPTION OF THE PRESENT EMBODIMENTS 
[0053] Integration of a viable bonding technology to produce different types of 
semiconductor devices, notably LEDs and VCSELs, is an important factor in 
decreasing the cost of the next generation of these light emitting devices. In 
addition, such a bonding technology can be used to integrate the advantageous 
optical properties of III-V material systems, such as InP, with the advanced 
technology of Si in the formation of optoelectronic integrated circuits. Moreover, 
this technology enables the use of semi-insulating substrates for high-speed high- 
power devices such as heteroj unction bipolar transistors (HBTs) or high-electron- 
mobility transistors (HEMTs). Additionally, a combination of these technologies, 
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in particular the bonding technology, is likely to advance the development of 
three-dimensional integrated circuits. 

[0054] Very recently, amorphous/polycrystalline (Ga,As), (Al,As), (In,As), 
(Ga,P), and (Ga,N) materials were developed. Although the amorphous/ 
polycrystalline semiconductors can be deposited on a substrate using sputtering, 
chemical vapor deposition, molecular beam epitaxy (MBE), or other similar 
techniques, the most control of the deposited structure appears to be achieved 
using MBE. Typical growth temperatures for normal crystalline semiconductor 
material are on the order of 500°C (400°C for InAs or some Sb-based materials) or 
higher when using MBE. However, polycrystalline and amorphous materials can 
be grown by MBE at much lower temperatures. More specifically, the conditions 
in growing the structures by MBE include low temperatures of about 100°C and 
lower and adherence to a specific ratio of column V and column III fluxes 
(overpressure during growth) as the material characteristics are highly dependent 
on the ratio of the overpressures. This class of materials, i.e. materials that have 
an amorphous and/or polycrystalline structure rather than a single crystal structure, 
can be used to form bonds between different semiconductor layers. 
[0055] One aspect of such MBE growth is that because the material is non- 
stoichiometric, a one-to-one ratio of the components is not required. For example, 
the As to Ga ratio in low temperature grown (Ga,As) can be varied to achieve 
desired characteristics. Further, while some of the material characteristics vary 
with the growth conditions and substrate, others remain essentially the same no 
matter what is varied. In one example, low temperature MBE grown (Ga,As) has 
the same crystallinity and As/Ga ratio under the same growth conditions 
regardless of substrate type. To the contrary, the index of refraction of low 
temperature grown (Ga,As) increases linearly with respect to the As/Ga ratio from 
that of bulk crystal despite the structure. Unlike single crystal GaAs, no clear 
absorption edge exists with low temperature grown (Ga,As), while at photon 
energies below that of the single crystal bandgap, the low temperature grown 
(Ga,As) exhibits much higher absorption than single crystal GaAs. Changes to the 
electrical characteristics include an increase in the resistivities of the materials 

12 



with increasing As/Ga ratio, as well as a possible change in the majority carriers 
(type) of the semiconductor. 

[0056] Figures 2(a) and 2(b) illustrate the effect of varying the component ratio 
on the crystallinity of the structure. As shown in Fig. 2(a), an As-based material 
becomes amorphous when it incorporates excess As such that the [V]/[III] ratio is 
greater than 1.25. Similarly, the As-based material becomes polycrystalline when 
the ratio is below 1.25; it does not need to be column Ill-rich to become 
polycrystalline. On the other hand, as shown in Fig. 2(b), the [V]/[III] ratio that 
serves as the dividing line between amorphous and polycrystalline structures for 
(Ga,P) based-material is very close to 1 . Therefore, a Ga-rich (Ga,P) material is 
polycrystalline while P-rich (Ga,P) material is more likely to be amorphous. 
[0057] Shown in Fig. 3(a) is a stack of amorphous/polycrystalline alternating 
(Ga,As) and (Al,As) layers. The (Ga,As) layers were deposited with a decreasing 
column V flux while the column III flux was fixed. The last (Ga,As) layer, which 
was deposited with the smallest column V flux, was polycrystalline as can be 
recognized from the grainy contrast in the picture. These (Ga,As) layers were 
sandwiched by (Al,As) layers, which were deposited with a large enough 
column V/III flux ratio so that they were all amorphous. During thermal annealing 
at 300°C, the amorphous (Ga,As) deposited with an intermediate As overpressure 
recrystallized into a polycrystalline form, as shown in Fig. 4(b). This annealing 
was performed in either an arsenic or nitrogen ambient. For low temperature 
annealing (less than about 300°C), the crystallization rate is relatively slow. 
During crystallization, the underlying material on which the amorphous material is 
present generally acts as a seed so that the polycrystal grains exhibit the same 
crystallographic directions as the underlying material. However, as one advantage 
of the low temperature grown materials used is that they can be grown on any 
surface while still essentially maintaining their useful bonding characteristics 
rather than being limited to being grown on a similar single crystal material, the 
underlying surface may not have any crystallinity. In addition, while using low 
annealing temperatures renders the resulting material polycrystalline, as the 
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annealing temperatures increase, the amorphous material may become a single 
crystal semiconductor and the conductivity of the resultant material may improve. 
[0058] Although studies have been performed on the annealing of amorphous 
compound semiconductors to form polycrystalline semiconductors, neither the 
resultant polycrystalline semiconductors nor the method of forming the 
polycrystalline semiconductors has been used in bonding. This polycrystalline 
material is surprisingly effective when used as a bonding layer for bonding two 
structures together. The movement of atoms during even low temperature 
annealing of the low temperature amorphous/polycrystalline materials enhances 
the interchange of the atoms across the bonding interface and hence permits a 
strong bond to be formed between the low temperature grown materials and the 
underlying materials on which the low temperature grown materials are deposited. 
This is to say that a bond is a layer that is physically strong enough to withstand 
the further processing used during fabrication of devices using the overall 
structure. A process has been developed for the bonding of various materials, 
most notably semiconductor substrates, using low temperature grown 
semiconductors that have been annealed as the bonding materials. The general 
process is shown schematically in Fig. 4 and a more detailed process is shown in 
Fig. 5. 

[0059] In the process shown, two substrates 100, 110 which are to be bonded 
are first deposited with amorphous/polycrystalline semiconductor 102, 1 12 as the 
bonding layer in a growth chamber (not shown). One or more layers (not shown) 
can exist between the bonding agent 102, 112 and the substrate 100, 110. One of 
the structures (herein referred to as a type A structure) used to bond GaAs 
substrates, for example, can start with a semi-insulating (SI) GaAs substrate, 
followed by a growth of lattice-matched InGaP 1000 thick, a 1-um doped (n or 
p) GaAs single crystal layer, and finally the amorphous bonding layer on top of 
the GaAs single crystal layer. A second such structure (herein referred to as a type 
B structure) contains a conducting n-type GaAs substrate with only the amorphous 
bonding layer on top of the substrate. As mentioned above, in an MBE chamber 
the growth temperature of the GaAs amorphous layers is about 100°C. In 
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addition, the arsenic overpressure during growth may be varied between 5x10' 
and 1 x 1 0" 6 Torr as measured by an ion gauge in the rear of the chamber, although 
these numbers can change depending on the MBE system used and the position of 
the ion gauge. The growth rate for the amorphous layers grown under these 
conditions was about 1/2 monolayer/second or 1.4 /s. 
[0060] As above, although MBE affords the most control, the deposition 
technique is not critical as long as the material is amorphous as well as free of 
contaminants. Such contaminants do not include controlled impurities that may be 
added as dopants such as Si. Addition of Si, for example, helps to control the 
morphology of the low-temperature grown semiconductors and expand processing 
windows such as annealing temperature and time beyond which the micro structure 
disintegrates and electrical properties degrade. Other dopants, such as Be, Mg, 
Zn, Te, and Se, for example, may also be used for the same purpose. The 
substrates may be commercially available semiconductor or non-semiconductor 
substrates, for example, or may be grown in a growth chamber or otherwise 
produced specifically for the particular device to be fabricated. 
[0061] Once the substrates 100, 110 are removed from the growth chamber, the 
structures are cleaved to the desired size (for the experiments performed thereon, 
the size was about 1 cm 2 ). As shown in Fig. 5, the structures were then cleaned by 
a combination of blowing the structure with high pressure N 2 to remove 
dust/particles/impurities, degreasing the structure using acetone, methanol, 
isopropyl alcohol, de-ionized (DI) water and isopropyl alcohol again to clean and 
remove contaminants, and submerged in different solvents and agitated in an 
ultrasonic agitator to remove organic contamination. The structures were then 
dipped in pure HC1 for 5 min to remove native oxide from the surface of the 
semiconductor layer and subsequently rinsed in DI water and dried using N 2 . The 
specific processes used during cleaning and etching may however depend on the 
particular substrates and materials used. In general, however, impurities and 
particles left on the surface of the samples may lead to defects in the bond and 
result in a nonuniform, and perhaps poor, bond. 
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[0062] The structures are then positioned to face each other, sandwiched 
between two buffers 208, and pressed in a steel pressure jig 200, as shown in 
Fig. 6, before the entire apparatus, jig, buffers, and structures, is placed and 
annealed in a furnace for bonding to take place. The buffers 208 help to apply 
uniform pressure to the structures being bonded and/or cushion the structures 
during pressurization. Carbon conflat material was used as the material of each of 
the buffers for its durability, low cost, and flatness. If uniform pressure is not 
desired or the structures are strong enough, they may not have to be cleaved to fit 
in the jig 200 and/or the buffer 208 may be eliminated. Alternatively, a jig may be 
used that cushions the material while being strong enough to apply the desired 
amount of pressure under the predetermined annealing conditions. 
[0063] In general, the pressure jig 200 contains two slabs 202, 212 that oppose 
each other. A separate movable block 214 is positioned between the two slabs 
202, 212. Alternatively, the movable block may not be present; instead at least 
one of the slabs 202, 212 is vertically movable. As shown the substrates 100, 1 10 
are placed on one of the slabs 202, 212. The movable block 214 has a threaded 
hole 210. A threaded shaft 220 is inserted through and engages with the threaded 
hole 210. The block 214 may also have a threaded hole or may be attached to the 
shaft 220 with adhesive, for example. The block 214 is movable by rotating the 
shaft 220. To help stabilize the jig 200 when moving, unthreaded rods 204, 206 
are disposed on opposing ends of the slabs 202, 212 and the block 214. The rods 
204, 206 are relatively smooth to enable easy traverse of the block 214 along the 
rods 204, 206. Of course, the rods can be disposed elsewhere along the block 214 
or more (or fewer) than two rods may be used as long as the jig is adequately 
stabilized when the block is moving. In addition, although a screw/threaded shaft 
combination is shown, any other means of displacing the slabs toward or away 
from each other may be used, for example, consistent pressure may be applied 
using a bolt and a torque wrench. 

[0064] Although as shown in Fig. 6, the substrates 100, 1 1 0 are attached to one 
of the slabs (specifically the lower slab 202), one of the substrates may be attached 
to the block 214 using an appropriate adhesive. This adhesive is then removed 
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once the bonding is completed. The substrates 100, 110 are positioned such that 
the bonding agents on the substrates face the substrate 100, 110. 
[0065] Once the substrates 100, 110 are placed on the jig 200 and pressed 
against each other, the substrates 1 00, 110 are annealed in a furnace to bond the 
substrates 100, 1 10 to each other through the bonding materials 102, 1 12, as 
shown in Fig. 5. In at least some of the experiments described herein, a pressure 
was applied with a torque between 12 and 20 in-lb. Bonding was performed by 
heating the wafers in N 2 ambient in an open-tube furnace. The bonding 
temperature used ranges from about 300°C to 800°C depending on the type of 
bonding materials, although somewhat higher temperatures may also possibly be 
used. Bonding with amorphous/polycrystalline (Ga,As), (Ga,P) and (Ga,N) 
material was performed at different temperatures: for As-based bonding materials 
bonding was performed at a relatively low bonding temperature of about 400° C; 
for P-based bonding materials, a higher temperature of about 600°C was used; and 
for N-based bonding materials, an even higher temperature of about 800°C was 
used. The structures remained pressed together throughout the course of the 
annealing. While the annealing times can be as long as 10 hours, times as short as 
30 minutes have been found to be sufficient to ensure a strong bond as a 
combination of the material to be annealed and annealing temperature and time 
determines the bond strength. Also, the structure may be annealed in air ambient 
or other ambients such as nitrogen or hydrogen. Thus, two face-to-face 
amorphous layers crystallize and form a bond across the two samples when the 
samples are pressed together and annealed. 

[0066] A typical interface structure is shown in Fig. 7 for two GaAs substrates 
bonded with amorphous (Ga,As) at 400°C for 60 minutes. Under these conditions, 
the initially amorphous (Ga,As) recrystallized to become polycrystalline (Ga,As) 
during the bonding/annealing process. A similar microstructure but without a 
clear presence of the solid-state epitaxy appears when polycrystalline (Ga,As) is 
used as the bonding material rather than the amorphous (Ga,As) material. The two 
dashed lines in the TEM photograph of Fig. 7 indicate the boundaries between the 
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substrates and the low temperature grown amorphous (Ga,As) material before the 
low temperature bonding process is performed. 

[0067] Similarly, bonding with amorphous and polycrystalline low temperature 
grown (Ga,P) or (Ga,N) material is essentially the same as that using the (Ga, As) 
material, again illustrated in Fig. 5. The (Ga,P) or (Ga,N) material is first 
deposited onto the substrate to be bonded. Again, the deposition technique is not 
important as long as the material is substantially free of contaminants (rather than, 
perhaps, dopants) and the ratio of gallium to phosphorous or nitrogen in the low 
temperature grown (Ga,P) or (Ga,N) materials can be varied respectively. The 
structures may be cleaved to appropriate sizes for the jig. The surface of both 
structures is then cleaned using solvents, oxides on the surface of the (Ga,P) are 
removed and the structures are then rinsed and dried. As above, the structures are 
pressed together and annealed. The structures remain pressed together throughout 
the course of the annealing. 

[0068] As above, the annealing temperature used for annealing the (Ga,P) 
material was 600°C while for the (Ga,N) material was 800°C, both which are 
higher than that used for annealing the amorphous (Ga,As) material. Of course, 
use of higher temperatures is possible although at a certain temperature the 
amorphous materials may be transformed into essentially a single crystal material. 
Also, longer annealing times have been used for (Ga,P) material than for (Ga,As) 
material. These annealing times for the (Ga,P) material varied from 90 minutes to 
as long as 10 hours. While longer annealing times tend to increase the strength of 
the bonding when annealing is performed at similar temperatures, the strength of 
the bond need only be sufficient for further processing and typical device usage. 
[0069] Typical interface structures are shown in Figs. 8(a) and 8(b) for two 
GaP substrates bonded with either amorphous or polycrystalline (Ga,P) at 600°C 
for 9-10 hours. The polycrystalline (Ga,P) bonding layer deposited on the GaP 
substrates was initially 1000A in thickness. After the substrates with the bonding 
layers were bonded at 600°C, as shown in Fig. 8(a), a portion of the top part of the 
(Ga,P) layer became amorphous. Thus, as illustrated, an amorphous (Ga,P) 
bonding layer is sandwiched between two adjacent polycrystalline (Ga,P) layers. 
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The transformation of polycrystalline (Ga,P) crystals to amorphous (Ga,P) may be 
attributable to the combination of bonding pressure and temperatures used. From 
Fig. 8(a), a remainder of the polycrystalline (Ga,P) layers retain their crystallinity 
without undergoing any noticeable changes in crystallization at this temperature. 
[0070] As shown in Fig. 8(b) however, it is clear that recrystallization has 
occurred for the amorphous (Ga,P). In this figure, a 500A amorphous (Ga,P) layer 
was deposited on each GaP substrate and used to bond the substrates together. As 
seen, most of the initially amorphous (Ga,P) material has transformed into 
polycrystalline material during the annealing. Only a very thin but uneven 
amorphous layer remains between the bonding layers. The thin and uneven 
amorphous material may be leftover residue of the initial amorphous layer or a 
result of amorphorization under pressure, similar to that in Fig 8(a). Regardless of 
the whether amorphous or polycrystalline (Ga,P) is used as a bonding agent for 
GaP substrates, a bonding strength is exhibited that is strong enough to withstand 
rigorous post-bonding processing and later use in applications. 
[0071] For the above, the (Ga,P) layers were grown on separate n-type GaP 
substrates by solid-source MBE. The GaP substrate was first desorbed at 630 to 
640 °C and a 1 000 A GaP buffer layer was deposited. The substrate was cooled 
down to about 100 °C before a 500 A amorphous or 1000 A polycrystalline (Ga,P) 
layer was deposited at phosphorous overpressure of 2 x 10" 7 or 6.5 x 10" 8 Torr, 
respectively. As shown in the TEM pictures above, during annealing the low 
temperature grown layer recrystallized and the atoms diffused across each sample 
to bond the two substrates. 

[0072] Various annealing temperatures and times were used for bonding. 
These conditions varied from 400 °C to 600 °C and ranged from 1 to 10 hours. 
Figure 9 shows the bonding results for different low-temperature grown (Ga,P) 
materials. All samples were bonded and intact when removed from the jig. They 
were cut in smaller pieces and processed for TEM samples. Some of them failed 
and became debonded (open circles or squares) during TEM sample preparation. 
Samples became debonded if the annealing temperature was below about 600 °C, 
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no matter if the bonding agent was amorphous or polycrystalline (Ga,P) material. 
Such a low annealing temperature may be too low to activate atoms to interchange 
from one wafer to the other wafer. Once the annealing temperature is raised above 
about 600 °C, however, a strong bond is formed. In this case, the amorphous 
(Ga,P) required longer annealing time than polycrystalline (Ga,P) to form a strong 
bond, perhaps taking more time to recrystallize and interchange atoms for bonding 
to take place. After annealing, the polycrystalline (Ga,P) bonding interface may 
have some dense solid Ga particles in the interface region, which may reduce the 
light transmission as discussed below. 

[0073] Different types of semiconductor may also be used to bond substrates. 
For example, rather than amorphous and polycrystalline (Ga,P) being used as a 
bonding agent on GaP substrates, (Ga,As) layers may be used. Annealing 
conditions of 400 °C for 1 h for amorphous (Ga,As) used as a bonding agent yields 
sufficient bonding strength for further processing while decreasing the annealing 
temperature and processing time for wafer bonding. In comparison with the 
(Ga,P) layers on the Gap substrates, solid-state epitaxy was noticed near the base 
of the amorphous (Ga,As) layers; that is, the recrystallized film followed the 
crystal direction of the substrate and became a single crystal. The top of 
amorphous layer became polycrystalline during annealing to help bond two wafers 
together. For annealed polycrystalline (Ga,As) layers of 100 A thickness, no 
significant solid-state epitaxy existed at the interface, probably due to the 
polycrystalline nature of (Ga,As) material and the difficulty in arranging atoms to 
form single crystal epitaxy following the crystal direction of the substrate. In 
addition, solid-state epitaxy was not observed in the dark field TEM image of GaP 
substrates bonded with polycrystalline (Ga,As), shown in Fig. 10. 
[0074] Other structural properties include bond strength, which has been 
repeatedly mentioned. One manner of testing the bond strength is relatively low 
tech: a "tape test". After two wafers were bonded and removed from the jig, a 
piece of over-sized Scotch™ tape was placed on each side of the bonded structure 
and the two tape pieces were allowed to adhere to each other. The tape pieces 
were then peeled open. If the adhesion between the tape and structure was 
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stronger than the bond strength, the structure was peeled open. If the bond 
strength was stronger, the structure remained sealed, a good indication that the 
structure is strong enough to withstand post-bonding processing and use. In 
addition, the strength of the bonded structures was further tested during 
preparation for TEM measurements. The structures were diced into small pieces 
by a dicing saw and then lapped using aluminum oxide powder. This rather 
demanding process was a further indicator of the bond strength, if delamination of 
the bonded wafer did not occur. 

[0075] The electrical properties of the bonded substrates were also examined. 
One manner of determining the electrical conductivity across the interface 
between two GaP bonded with polycrystalline (Ga,P) is to use current- voltage 
measurements of the bonded substrates. Figs. 1 1(a) and 1 1(b) are graphs of the 
current- voltage (I-V) characteristics of n-type GaP substrates bonded with Ga-rich 
polycrystalline (Ga,P) and P-rich amorphous (Ga,P) material, respectively. Each 
GaP substrate of the bonded structure was n-type with a doping of about 
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ohmic contacts. The linear dependence of the I-V measurements shown in 
Fig. 1 1(a) indicates that the bonding interface is ohmic when polycrystalline 
(Ga,P) material is used as the bonding agent, with the measured resistance 
between 6 and ICl. 

[0076] In contrast, as shown in Fig. 1 1(b), a highly resistive bonding interface 
forms when amorphous (Ga,P) material is used as the bonding agent. As can be 
seen, the current is negligible until reverse breakdown, which occurs at voltages 
larger than 12 volts. At small applied voltages, the resistance across the bonding 
interface is several orders of magnitude higher than that measured in Fig. 1 1(a). 
The recrystallized (Ga,P) layer acts as an intrinsic semiconductor. In this case, 
carriers are trapped by the high density of defects, such as stacking faults and 
grain boundaries, resulting in low current until breakdown takes place, as 
illustrated. 

[0077] The ohmic bonding interface resulting from the use of polycrystalline 
(Ga,P) material as the bonding agent is attributable to the excess Ga atoms in this 
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material. Looking back to the dependence of the structure on the [V]/[III] ratio 
shown in Fig. 2(b), it is clear that polycrystalline (Ga,P) is Ga-rich while 
amorphous (Ga,P) is P-rich. During the annealing at 600°C that creates the bond, 
excess Ga atoms diffuse and segregate into Ga clusters at the bonding interface 
connecting the two n-type GaP substrates. 

[0078] This is confirmed in Fig. 12, a bright field TEM micrograph showing 
the presence of Ga-rich clusters along the bonding interface between two GaP 
substrates bonded at 600°C with polycrystalline (Ga,P) as the bonding agent. 
Although not shown by this figure, very Ga-rich polycrystalline (Ga,As) that is 
used as a bonding layer for GaP substrates has comparable ohmic characteristics. 
The ohmicity of the polycrystalline bonding interface is thus attributable to the 
presence of multiple such Ga-rich regions. Experiments have indicated that while 
some resistance remains in these bonding agents, the resistance (and thus amount 
of power required) of the bonding interface is much lower than that of bonding 
interfaces formed by conventional processes having substantial misalignment. 
[0079] As formation of nanoscale Ga clusters sandwiched between 
polycrystalline layers control the ohmicity of the bonding interface, the bonding 
interface can be adjusted to be highly resistive or highly conductive by controlling 
the stoichiometry of the bonding material to be column V rich or column III rich, 
respectively. Since neither polycrystals nor the Ga clusters exhibit any preferred 
orientation, the relative misorientation between the two structures underlying the 
bonding layers becomes immaterial with respect to the polycrystalline layers. As 
a result, the linear current-voltage dependence and interface resistance is 
independent to the degree of misorientation or misalignment between the two 
substrates to be bonded. This means that the stringent requirement on wafer 
alignment before and during bonding, which is essential for conventional 
processes, is relaxed when bonding using low temperature grown materials. This, 
in turn, increases the processing yield. One definition of an electrically conductive 
structure is a structure that is substantially ohmic over substantially the range of 
voltages that would be applied to the bonded structure to operate the device that 
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contains the bonded structure. To be substantially ohmic, the deviation from 
linearity may be less than about 10%. Similarly, substantially all of the range of 
voltages may be more than about 90% of the range of voltages. The resistance of 
the bonding layer can be set to a particular value, dependent on the overall 
resistance desired for the bonded structure. 

[0080] Two I-V characteristics are shown in Figs. 13 and 14. In low 
temperature grown polycrystalline (Ga,As), more current passes through the 
bonding interface with an increasing amount of Ga. Furthermore, all of the 
bonded structures show ohmic behavior independent of the misalignment angle 
between the substrates, as illustrated in Fig. 13. This shows that ohmic I-V 
characteristics may be achieved with a very Ga-rich (Ga,As) film as the bonding 
agent while permitting free rotation of the underlying layers. In comparison, Fig. 
14 shows that the I-V characteristics of n-type GaP structures bonded at 400 °C 
and 600 °C for the same duration with 100 A polycrystalline (Ga,As) layer 
remains Schottky-like. Thus, the ohmic /- V characteristics may be determined by 
the Will ratio in the bonding agents as opposed to bonding temperatures or time. 
[0081] A Ga contact may also be used to contact n-type GaP. Although not 
included, the I-V characteristics of Ga on an n-type GaP substrate indicate that 
ohmic characteristics may be reached when annealing above 300 °C for reasonable 
duration (e.g. at 350 °C, 30 s or less is sufficient). Wafer bonding uses annealing 
temperatures that are larger than this, e.g. about 600 °C for (Ga,P) materials, for 
polycrystalline (Ga,P), so that Ga clusters at the interface and along the grain 
boundaries to help the current conduction and provide ohmic I-V characteristics. 
[0082] As above, bonding with amorphous/polycrystalline (Ga,N) is also 
possible. In one embodiment, a GaN single crystal layer of about 1 um is grown 
on a sapphire (A1 2 0 3 ) substrate at 750°C before it is cooled to room temperature to 
grow the room-temperature (Ga,N). The room temperature GaN semiconductor 
may be amorphous or fine-grain polycrystalline. A low-temperature (Ga,N) layer 
of around 70nm thick was then grown. Thinner bonding layers may also be grown 
and provide bonding characteristics (such as strength) sufficient for processing and 
usage, as above. Two such low temperature grown (Ga,N)/GaN/Al 2 0 3 structures 
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were then cleaned and bonded face to face at 800°C for 1 hour in a manner similar 
to that above. As the room temperature grown (Ga,N) is likely to be substantially 
transparent to blue light (i.e. having an absorption coefficient such that the light 
passing through the (Ga,N) layer is not substantially absorbed), either thin (Ga,P) 
or (Ga,N) may be used for bonding applications involving blue light, such as 
LEDs, lasers, or detectors. 

[0083] As discussed above, direct wafer bonding is an important enabling 
technology to achieve system-on-chip integration for advanced 
electronic/optoelectronic applications. Some examples of devices in which direct 
wafer bonding is used include InGaAs/Si photodiodes, InAs/AlSb/GaSb HBTs on 
sapphire, SiGe HBTs on silicon-on-insulator, and GaAs/AlGaAs/GaN HBTs. For 
these electronic devices, adhesive bonding with low temperature III-V 
semiconductors is a viable and extremely useful substitute for direct wafer 
bonding and greatly enhances the controllability of ohmicity across the bonding 
interface. 

[GGS4] Other electronic devices, which traditionally have not used direct wafer 
bonding, can also profit from adhesive bonding with low temperature III-V 
semiconductors. Examples of these devices include high-speed electronic devices 
on a semi-insulating substrate such as high-electron-mobility transistors (HEMTs) 
as well as HBTs. While such devices have moved from being GaAs-based to 
being InP-based for reasons including favorable mobility and band offset, the next 
generation of high speed devices may be Sb-based. However, the inherent small 
bandgap energy of most Sb-based III-V compound semiconductor imposes 
challenging issues; the small bandgap energy leads to the formidable problems of 
high leakage and low breakdown partly due to the lack of an adequate semi- 
insulating substrate. More serious research on developing Sb-based high speed 
electronics can begin once a semi-insulating substrate for growing GaSb and other 
Sb-based III-V compound can be established. 

[0085] One of the approaches to realize a semi-insulating substrate is to use 
bonding to create a template on a semi-insulating carrier. Semi-insulating InP, 
GaAs or even insulating sapphire are good choices for the carrier material. A 

24 



schematic of creation of such templates is similar to the process to be described 
later and illustrated in Fig. 17. In the current process, however, a thin GaSb or 
other pseudomorphic structure is deposited on one or more conventional GaSb 
substrates. This thin pseudomorphic structure is to be used as a template for future 
growth. In between the thin GaSb structure and the GaSb substrate, an etch stop 
layer may also be deposited. Next, a thin layer of low temperature grown III-V 
semiconductor is deposited on the template layer. Another thin layer of low 
temperature grown III-V semiconductor is also deposited on a separate semi- 
insulating substrate such as InP, GaAs or sapphire. The formation of the low 
temperature grown III-V semiconductor on the separate semi-insulating substrate 
or insulator can be done either in the same step or in a separate reactor from that of 
the formation on the template layer. After this, the GaSb substrate and semi- 
insulating substrate are removed from the reactor, cleaved, cleaned, and etched, as 
described previously. These substrates are then brought together and bonded 
using the earlier described technique. Further processing can be applied to remove 
the GaSb substrate and selectively etch off the etch stop layer leaving a template 
suitable for growing high-speed electronic device structures. The low temperature 
adhesive bonding process allows strong bonding to be made at low temperatures to 
create the template-on-semi-insulating substrate while inducing negligible thermal 
damage and/or structural alterations to the template compared to the conventional 
direct wafer bonding technique. 

[0086] For electronic devices such as HEMTs and HBTs, electrical 
conductivity is a concern but optical transparency is not particularly important. 
Many advanced applications, however, require that the bonding interface be both 
electrically conductive and optically transparent. For optoelectronic devices in 
particular, the optical transparency of the bonding interface becomes significant, 
further limiting selection of the bonding agent. For these optoelectronic devices, it 
the bonding layer may be substantially optically transparent. To be substantially 
optically transparent, as above the bonding layer has an absorption coefficient at 
the wavelength of the light emitted by the bonded structure (or, in the case of 
photodetectors, the light absorbed by the active layers) such that the bonding layer 
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does not appreciably affect device performance. For example, the bonding layer 
may absorb from about 20% to less than about a few percent of the light, 
depending on the device and bonding layer (including bonding layer thickness). 
More specifically, depending on the application various bonding agents, such as 
metals, can be employed to completely block or reflect incident light over 
different spectrums. Other materials absorb some or most of the incident light 
(depending on the wavelength of the incident light and the thickness of the 
bonding agent as well as the type of bonding agent). The microstructure of the 
bonding interface also plays a role in the optical transparency as scattering of light 
may take place at grain boundaries and structural defects, thereby decreasing the 
amount of light transmitted through the structure. 

[0087] Measurements and comparisons of the absorption spectrum of 
amorphous (Ga,As) with that of a single crystal GaAs substrate show in general, 
that amorphous (Ga,As) absorbs much more than its single crystal counterpart 
almost for any wavelength of the incident light. In particular, single crystal GaAs 
shows a negligible absorption coefficient for light having energy that is less than 
the bandgap energy of GaAs while amorphous (Ga,As) still absorbs a non- 
negligible amount at those wavelengths. The absorption of light at various 
wavelengths by amorphous (Ga,As) is useful as particular device applications 
have different requirements. For example, the absorption of the bonding layer at 
wavelengths near 650 nm is important for high brightness red LEDs to be able to 
determine the maximum allowable thickness of the bonding layer for a particular 
device efficiency. In general, the amount of light transmission through a uniform 
medium decreases exponentially with the product of absorption coefficient and 
thickness of the absorbing material. Thus, a thinner absorbing layer allows more 
light transmission. To this end, the light transmission of two different GaP 
substrates was examined. The GaP substrates were bonded with 500 each 
(1000 total) of low temperature grown (Ga,As). One (Ga,As) bonding layer was 
amorphous and the other was polycrystalline after having been annealed at 400°C 
for one hour. A comparison between the optical transparencies of the two 
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different bonded interface layers is shown in Fig. 15. It is clear that 
polycrystalline (Ga,As) allows more light transmission than the amorphous 
(Ga,As) at all wavelengths. There is still decent light transmission of about 20% 
for 550 nm light through the polycrystalline (Ga,As) bonding layer. The energy of 
550 nm light is about 0.8 eV above the GaAs bandgap energy. For light of 650 
nm, a 1000 layer of polycrystalline (Ga,As) allows about 30% transmission. 
[0088] As above, thinner bonding layers may be used to increase the light 
transmission through the bonding layer. Measurements of the light transmission at 
650 nm of GaP substrates bonded with polycrystalline (Ga,As) layers are shown 
Fig. 16. Relative light transmissions of 84% and 99% have been achieved with 
polycrystalline (Ga,As) layers of 200 A and 60A, respectively, while providing a 
strong bond between the GaP wafers. In other words, structural bonding can be 
achieved with a low temperature semiconductor bonding agent as thin as 60A 
without sacrificing a substantial amount of bond strength. While 60A may seem 
small, the lower bound of thickness for adequate bonding has not yet been 
determined. In addition, as shown in Fig. 16, substantial transparency (e.g. 99% 
transmission) can be achieved as long as a very thin bonding agent is used, even 
though the energy of the light incident on the bonding agent is much higher than 
the bandgap energy/absorption edge of the bonding agent. Making the bonding 
layer very thin allows the wafer bonding process described herein to be used for 
applications in which light of even shorter wavelength (such as green, blue or 
ultraviolet) is of interest, even if the bond is substantially transparent to only a 
limited spectrum of light. 

[0089] As mentioned above, one possible application utilizing adhesive 
bonding with low temperature grown compound semiconductors is the fabrication 
of high brightness LEDs for red, green, blue and UV emission on transparent 
substrates. Figure 17 illustrates a processing graph flow chart representing the 
transfer of the device layer on a GaP substrate while utilizing polycrystalline 
(Ga,As) material as the bonding agent. In the new low temperature process, the 
device, such as an InGaP-based LED structure, is initially grown lattice -matched 
on a GaAs substrate. The GaAs substrate absorbs the emission light of the active 
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layer(s) of about 650 nm and thus must be removed. Any cleaning/oxide removal 
or other processing steps are not shown for simplicity. The LED structure is then 
moved to a different growth reactor for deposition of a thick, transparent GaP 
current spreading layer using VPE. The current spreading layer is larger than 50 
um and is physically thick and strong enough so that it provides support for the 
processing of the structure during substrate removal. Next, the GaAs substrate is 
removed, leaving only the device structure and the VPE GaP layer. In the 
conventional process, these layers are then bonded to another GaP substrate using 
direct wafer fusion to complete the final structure before further device processing 
occurs. 

[0090] In one embodiment, the direct wafer fusion process is replaced by 
adhesive bonding using low temperature grown (Ga,As), (Ga,P) or (Ga,N) layers. 
The appropriate low temperature layers are grown on the device portion of the 
remaining structure as well as on a separate GaP substrate to be bonded to the 
device structure. The low temperature layers are then bonded. The thickness and 
crystallinity of the low temperature grown semiconductor layer are determined 
through an optimization process for the particular materials used. In general, each 
bonding layer is of the same type of material as the other bonding layer, although 
this is not necessary as long as the desired characteristics are achieved. 
Measurements of the photoluminescence on the as-grown (GaAs substrate) and 
bonded sample (GaP substrate) confirm that the bonded structure shows higher 
intensity because of the replacement by the transparent substrate. As above, the 
same bonding process may also be applied to LEDs of other wavelengths, such as 
infrared, yellow, green, blue and UV for a wider spectrum, not only because of the 
transparency of the bonding agent, but in addition because the lower bonding 
temperatures used and orientation independence of the electrical conduction. 
[0091] Combining the formation of an optoelectronic device with the template 
growth described above, an LED device structure on a transparent substrate has 
been integrated through a regrowth process on a template. Figure 19 illustrates a 
processing flow chart of such an embodiment in which a thin AlGaAs layer on a 
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GaP substrate with polycrystalline (Ga,As) bonding agent is transferred. The 
AlGaAs layer serves as a template for regrowth of GaAs-based devices. In this 
embodiment, the various material layers including the Al 0 jGao.9As layer are 
grown, cleaned, and then bonded onto a transparent GaP substrate at an annealing 
temperature of 400° C. Subsequently, the absorbing substrate and etch stop layer 
are etched off, the template placed in the growth system for regrowth and then the 
desired transparent substrate and/or other layers are grown. As shown in the 
figure, a GaAs/AlGaAs multiple quantum well was grown on the template at 
600°C. While the electrical properties of the two structures were similar, as 
expected in the control sample, the GaAs substrate absorbed the light emitted from 
the multiple quantum well active region and accordingly the photoluminescence 
results at both 300K (room temperature) and 77K show that the regrowth structure 
has higher photoluminescence intensity than the as-grown structure. 
[0092] One of the best techniques for investigating the structural and optical 
properties of these structures is photoluminescence. Photoluminescence is a non- 
destructive technique in which light from a light source impinges on and is 
absorbed by the structure, the structure then emits light of a wavelength 
characteristic of the structure, and the wavelength and amount of light emitted by 
the structure is then measured. In general, the larger the amount of light emitted 
by the structure, the better the structure. The results above provide further 
evidence that such an optoelectronic device is not harmed by the low temperature 
grown semiconductor bonding layer, and thus that adhesive bonding with low 
temperature grown semiconductors can be used for regrowth applications. 
[0093] Another GaAs/Al 0 .3Ga 0 . 7 As superlattice structure was grown and is 
shown in Fig. 20(a). The structure has a 5 00 A, silicon doped low temperature 
grown (Ga,As) layer on top for bonding. Two pieces of this structure were 
cleaved into 1 cm x 1 cm samples and bonded together at 400 °C for 20 min. 
After the bonding, one side of the bonded pair was polished to a thickness of 
approximately 50 um. The sample was then etched to the etch stop layer using a 
citric acid: hydrogen peroxide (4:1) mixture under slight agitation. The 
culmination of the etching was clear because the initially rough substrate backside 
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would become smooth once the etch stop layer was reached. The etch stop layer 
was then removed with HC1 and this removal could be clearly seen by a sample 
color change. Immediately prior to regrowth, the sample was again etched in HC1 
for 5 minutes to remove any surface oxide. The sample was loaded into the 
growth chamber and a second quantum well structure was grown on the new seed 
layer, which is shown in Fig. 20(b). 

[0094] Photo luminescence was again used to check the quality of the material 
after various stages. The two stages that were compared were immediately after 
bonding and after regrowth. The photoluminescence after bonding was checked 
by removing the substrate to expose the original epilayers. The 
photoluminescence of this material was compared to material that did not go 
through the bonding process. The results of these measurements are shown in Fig. 
21 . The figure shows two points in the bonded material and one point of the as- 
grown material with major noise peaks removed. All measurements were 
performed at 77 K. The luminescence of the as-grown material is about twice that 
of the bonded material. This may be due to damage created in the supcrlattice 
structure during the bonding process, or due to a different thickness of GaAs on 
the surface of the photoluminescence samples. The 500 A (Ga,As) bonding layer 
was etched from the as-grown sample before photoluminescence testing using a 
sulfuric acid: hydrogen peroxide mixture. However, this etch may have etched 
some of the 5 00- A single crystal GaAs layer, making that cap on that sample 
thinner than the cap on the bonded sample. A thinner cap results in higher 
luminescence. 

[0095] A second photoluminescence measurement set was made for samples 
that had undergone regrowth. These samples were prepared as described above 
and have the structure shown in Fig. 20(b). For comparison, another sample was 
grown simultaneously with the same structure on a GaAs substrate with no 
abnormal preparation. Photoluminescence of these materials is shown in Fig. 22. 
These measurements were performed at 77 K and all significant noise peaks have 
been removed. Three peaks are visible in both samples likely due to variations in 
the quantum wells during growth. The bonded sample also has a very small peak 
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at a longer wavelength due to the quantum wells in the original structure. The 
unbonded sample displayed luminescence about three times that of the bonded 
material. This perhaps indicates that the quality of the regrown material may not 
be quite as high as that of materials grown on normal GaAs substrates. 
[0096] Experiments were also performed to demonstrate conduction through 
the bonds of two bonded structures containing a 5 00 A, silicon doped low 
temperature grown (Ga,As) bonding layer. The substrates being bonded were n- 
type GaAs substrates doped n-type to a level of 1 to about 2.4><1 0 18 cm" 3 . Bonding 
was performed at 400 °C for either 20 min or 1 h. For both bonding durations, 
samples appeared to be strongly bonded and could not be separated with a razor 
blade. Contact was made to both substrates that were bonded by depositing In-Sn 
solder and then annealing at 350 °C for 2 min. The structures were initially 
measured in their as-bonded state using low current density due to the large size 
(~1 cm x 1 cm). These results showed the bonds to be ohmic. In order to increase 
the current density, these structures were broken into smaller pieces. The bonds 
held up very well through this process. 

[0097] Conductance tests were repeated for the now smaller samples and the 
results can be seen in Fig. 23. Currents have been adjusted to current density to 
accommodate for different sample sizes. Current density increases to a point and 
then levels off due to the compliancy settings of the tests. A maximum current of 
40 mA was used for all the tests in this figure. As can be seen, the structures all 
appear linear. Discrepancies in the figure may be due to nonuniformity in the 
bonding, damage to the pieces during the process to break up the samples, or 
inaccuracies measuring the area of the samples. 

[0098] Although all the bonds appear to have a very linear conduction, the 
resistance is actually very high. The most conductive test in Fig. 23 demonstrates 
a resistance of 20 CI for a sample that is roughly 1 .8 * 2.5 mm. From the 
resistivity of the substrates, the resistance of the substrates is negligible. Thus, 
essentially all of the resistance is contributed by the roughly 1000A bonding layer 
(a resistivity of 9 X 10 4 ft-cm). It is more likely that the conduction is actually 
nonlinear, but the current density is too small to show this nonlinearity. It is 
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certain that the conduction is limited in the bonding layer. Barriers to conduction 
in the bonding layer are between the single crystal layer and the substrate, in any 
single crystal epitaxy that may have occurred in the low temperature grown 
(Ga,As) during the bonding process, and at the true bond interface. 
[0099] In summary, conventional direct wafer fusion technique has benefits 
over adhesive bonding with a conventional bonding agent. Among the wide 
variety of bonding agents, including polymers, ceramics, semiconductors and 
metals, each bonding agent has its own advantages and shortcomings. In general, 
polymers cannot withstand post-bonding high temperature annealing. Ceramics 
usually don't conduct electrically. Metals often react with the bonded substrates 
to form intermetallic compounds during prolonged high-temperature annealing or 
block light. Using adhesive bonding with low temperature grown III-V 
semiconductors, however, provides benefits over all of the conventional methods. 
[00100] Firstly, as described above, this material and process can be used to 
bond various substrates such as semiconductor materials as well as non- 
semiconductoi materials such as glass or metal. The materials being bonded do 
not have to be of any particular type of structure or composition. Secondly, the 
polycrystalline semiconductor layer obtained from the annealing does not have 
specific or preferred crystal orientation. This independence from specific 
orientation alleviates the misorientation and alignment problems encountered for 
non-ohmic current conduction found in direct wafer bonding. Thirdly, the 
recrystallized non-Al-containing material has better resistance to wet oxidation of 
Al-containing layer, which may be used in later processing steps such as those 
used during fabrication of VCSELs or MOSFETs. Fourthly, the bonding can be 
performed at a relatively low temperature that is not damaging to the substrates or 
other materials on the substrates. In comparison, previous bonding techniques 
typically have a much more limited and higher range of temperatures that must be 
used and that are damaging to the other materials in the structure. For example, 
conventional direct wafer bonding for single crystal GaP materials requires over 
750°C to achieve strong bonding. In contrast, the present method uses about 
400°C to bond GaAs, GaP, GaSb or even GaN/sapphire substrates utilizing an 

32 



amorphous/ polycrystalline (Ga,As) layer or about 600°C utilizing an amorphous/ 
polycrystalline (Ga,P) layer as the bonding agent, which is still considerably lower 
than 750°C. Similarly, while using an amorphous/polycrystalline (Ga,N) as the 
bonding agent, a higher annealing temperature such as 800°C may be needed, a 
lower bound has not yet been determined. Conventional direct wafer bonding for 
single crystal GaN/sapphire materials and devices, however, requires over 1000°C 
to achieve strong bonding. Fifthly, bonds are formed that are physically strong 
enough to survive later processing, such as polishing, and thermally stable enough 
to survive prolonged annealing at reasonably high temperatures, such as those 
used for epitaxial growth or other post-bonding annealing. In the latter case, such 
annealing does not induce adverse effects on the micro structure near the bonding 
interface. Sixthly, a usable bonding layer with a thickness of down to about 3 nm 
has been produced. Although the layer thickness may be smaller than about 3nm 
or larger than about 600nm, thinner layers have not yet been produced and tested 
while thicker layers may decrease throughput by taking longer without adding a 
proportional amount of benefit to the bonding characteristics. Lastly, this bonding 
layer may be electrically conductive, optically transparent, and temperature stable. 
[00101] Moreover, this adhesive bonding has been laboratory tested many 

times for various materials with excellent results. The bonding temperature, 
substrates being bonded, and bonding layer may be altered without changing the 
overall process as long as sufficient bonding strength is attained. This last factor 
has much room for variation including both the choice of the bonding layer (e.g. 
(Ga,As), (Ga,P), (Ga,N) or some other semiconductor) and the physical properties 
of that material (e.g. growth conditions, metallurgical conditions, doping). 
[00102] Strong and optically transparent bonds have been formed using 
amorphous or polycrystalline (Ga,As) in the bonding of GaAs to GaAs, GaAs to 
InP, InP to GaAs grown on Si, GaAs to GaP, and GaP to GaP. Also amorphous 
and polycrystalline (Ga,P) has been used to form strong, transparent bonds 
between GaAs and GaP as well as GaP and GaP. In addition, 
amorphous/polycrystalline (Ga,N) has been used to form strong transparent bonds 
between GaN and sapphire. Bonding other semiconductor substrates such as Si, 
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GaSb, GaN, SiC, and sapphire are possible as well using this process. The 
bonding layer may comprise low temperature grown (Ga,As), (Ga,P), (Ga,N), 
(Ga,Sb), (In,As) and others, ternary compounds such as (In,Ga,P) or (In,Ga,As) 
and others, or quarternary compounds such as (In,Ga,As,P) and others. The 
existence of an electrically conductive bond has been shown when using Ga-rich 
polycrystalline (Ga,P) or polycrystalline (Ga,As) as a bonding agent and bonding 
GaP to GaP. The optimal combination of both III/V stoichiometry and thickness 
of the low temperature semiconductors for achieving the best combination of high 
electrical conductance and optical transparency across the bonding interface using 
this adhesive bonding technology may be determined by using this process. 
[00103] It is therefore intended that the foregoing detailed description be 
regarded as illustrative rather than limiting, and that it be understood that it is the 
following claims, including all equivalents, that are intended to define the spirit 
and scope of this invention. 
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